INTRODUCTION {#s1}
============

Hematopoietic malignancies are often treated with radiation therapy as a conditioning regimen prior to bone marrow transplant, and further increase in focused radiation to bone marrow is under way to enhance its therapeutic advantage for leukemia \[1, 2\]. However, little is known about how radiation might damage bone marrow stromal/stem cells (MSCs), an essential component of the bone marrow microenvironment. Radiation-induced damage to marrow cells in particular is important, as this leads to osteoporosis, fracture and poor healing. Radiation used to kill solid tumors also causes acute myelosuppression, residual marrow injury, loss of hematopoietic stem cells (HSCs), and damage to MSCs \[[@RRU098C3]--[@RRU098C5]\]. Such adverse effects can be irreversible and fatal. Thus, potential treatment options must minimize the adverse effects on hematopoiesis and bone cells, while eliminating the cancer cells from marrow. This goal has been partially achieved by transplanting bone marrow stromal/stem cells (MSCs), which contain stem cells of hematopoietic and mesenchymal lineage. In animal models, infusion of MSCs successfully reconstituted hematopoiesis that had been lost due to radiation \[[@RRU098C6]\]. Therefore, understanding the functional and morphological response of MSCs to radiation exposure may elucidate the mechanisms underlying the recently observed bi-directional co-regulation of bone and marrow components at the micro-environmental level \[[@RRU098C7], [@RRU098C8]\].

MSCs are heterogeneous cells that include the progenitor cells for osteoblasts, chondrocytes and adipocytes. MSCs have been described as supportive cells for marrow hematopoiesis. MSCs, like hematopoietic cells, are sensitive to radiation, but to a lesser extent. This relative radiation resistance of MSCs is likely to be one of the important contributing factors for their ability to rescue hematopoiesis after radiation damage. MSCs are found in multiple tissues, including muscle, blood vessels, the central nervous system and dental pulp. More recently, MSCs have been derived from human embryonic stem cells (hESMSCs) and induced pluripotent stem cells (iPSCs) \[[@RRU098C9]\]. Specifically, pluripotent stem cell technology has made it possible to use somatic cells from a patient to develop MSCs \[[@RRU098C10], [@RRU098C11]\], which would carry lower risk of rejection when used for transplant. Moreover, bone marrow-derived MSCs (BMMSCs) show reduced differential potential and lower therapeutic efficacy when expanded several times \[[@RRU098C12]\]. This limits repeated use of BMMSCs for experimental and therapeutic needs.

Recently, Nicolay *et al.* characterized bone marrow-derived MSCs after irradiation in comparison with human primary fibroblasts \[[@RRU098C13]\]. However, it is unknown whether hESMSCs carry a similar therapeutic potential to that of BMMSCs in patients receiving ionizing radiation. As the first step toward making this determination, irradiated hESMSCs and BMMSCs were compared for genetic and functional properties. Here we demonstrate that irradiated MSCs from these two sources have distinctly different responses to ionizing radiation.

MATERIALS AND METHODS {#s2}
=====================

Mesenchymal stem cell isolation {#s2a}
-------------------------------

Bone marrow stromal cells were obtained from a commercial source (Lonza, Walkersville, MD). The human embryonic stem cell (hESC) line WA09 (Wicell Institute, Madison, WI) was used for derivation of MSCs. hESCs were cultured on 80-Gy γ-irradiated mouse embryonic fibroblasts (MEF, Chemicon, Millipore, Billerica, MA) \[[@RRU098C14]\]. MSCs were developed using the previously described protocol \[[@RRU098C15]\]. Briefly, undifferentiated hESCs were co-cultured with mitomycin C-treated (Bedford Laboratories, Bedford, OH) mouse bone marrow-derived cells (M210, ATCC, Manassas, VA) in the presence of 15% fetal bovine serum (FBS) for three weeks. The presence of serum induces the formation of the three germ layers and the further development of progenitor cells including mesenchymal stem cell-like cells \[[@RRU098C16]\]. The cells were then harvested and sorted for MSC-specific CD34 and CD73 (BD BioSciences, Franklin Lakes, NJ) dual expression using magnetic nanoparticles in the EasySep Selection Kit (Stem Cell Technologies, Vancouver, BC, Canada). These CD73^+^/CD34^+^ cells (hESMSCs) were used as MSCs to study radiation-induced changes. The MSC-like phenotype of hESMSC was also verified using CD90, CD105 and CD146 (See [Supplementary Data](#sup1){ref-type="supplementary-material"}).

Irradiation of cells {#s2b}
--------------------

When BMMSCs and hESMSCs reached 80% confluency, they were irradiated with 2, 4, 8 and 16 Gy by 6-MV X-ray beams from a linear accelerator in clinical use (Varian Medical Systems, Palo Alto, CA). Control groups of cells were placed in the linear accelerator but not exposed to irradiation. Culture vessels were irradiated in the field size of 20 × 20 cm^2^ with the Source-to-Surface-Distance of 100 cm on the 1.5-cm bolus. The dose rate was 400 cGy/min. The dose output was calibrated daily to keep the consistency of the radiation dose to within 2%. Furthermore, the dose at the plane beneath the cells was verified by a GafChromic EBT-3 film (ISP Technologies Inc., Wayne, NJ), confirming that it was within 5% of the planned dose. The culture media (α-MEM, Gibco/Invitrogen, Grand Island, NY), supplemented with 10% FBS, was replaced immediately after irradiation.

RNA isolation, cDNA synthesis and gene expression {#s2c}
-------------------------------------------------

Total RNA was harvested from BMMSCs and hESMSCs with or without irradiation using Qiashredder and RNeasy Micro kits (Qiagen, Valencia, CA) according to the manufacturer\'s protocols. The RNA was then used to synthesize complementary DNA (cDNA) using SuperScript III reverse transcriptase (200 U of RT, 0.5 mM dNTP, 40 U of RNAse OUT, 5 mM DTT, and oligo dT 12--18 bp; Invitrogen). The cDNA was then amplified and run on a 1.5% TAE-ethidium bromide agarose gel to confirm viability of the synthesized cDNA. Non-irradiated and irradiated MSCs were quantified for relative expression of osteogenic-specific runt-related transcription factor 2 (RUNX2), adipogenic peroxisome proliferator-activated receptor gamma (PPARγ), oxidative stress specific superoxide dismutase 1 (SOD1) and glutathione peroxidase 1 (GPX1). Quantitation of gene expression relative to glycerol 3-phosphate dehydrogenase (GPDH) was determined using a Stratagene Thermocycler (La Jolla, CA) and the delta delta CT (ddCT) method \[[@RRU098C17]\].

For gene expression array, cDNA was synthesized according to the manufacturer\'s instructions included in the array (SABiosciences, Catalogue \#330401). cDNA was used to study the human Wnt signaling pathway (SABiosciences, Catalogue \#PA HS-043ZA). The array was repeated using cDNA from control and irradiated BMMSCs and hESMSCs (2 Gy) from two or three separate experiments. The results were analyzed using the SABiosciences web analysis tool.

Cell cycle {#s2d}
----------

The cell cycle distributions in BMMSCs and hESMSCs were studied by flow cytometric analysis of propidium iodide (PI)-stained cells. The cells with or without irradiation were trypsinized and harvested 1 day and 5 days after irradiation and fixed with 75% ethanol at a concentration of 1 × 10^6^ cells/ml. The cells were then stained with 20 μg/ml propidium iodide, 500 μg/ml RNAse A (both from Sigma Aldrich, St Louis, MO), 1% Triton X-100 (Thermo Fisher Scientific, Waltham, MA), incubated at 37°C in the dark for 30 min then analyzed on a FACScan flow cytometer (BD Biosciences, Franklin Lakes, NJ). The cell populations were gated as judged by side scatter versus forward scatter, and the percentage of cells in various stages of the cell cycle was calculated using Cyflogic software (CyFlo Ltd, Turku, Finland).

To study MSC-specific surface markers (CD73, CD90, CD105 and CD146, all from BD Biosciences), cells were harvested and stained with antihuman antibodies specific for these cell surface molecules. The cells were incubated with the specific antibodies for at least 20 min at 4°C in the dark, washed in phosphate-buffered saline (PBS, Gibco/Invitrogen) once and resuspended in PBS containing 1% FBS. Flow analysis was performed using a FACScan flow cytometer.

CFU-F assay {#s2e}
-----------

Cells were plated at a density of 1000 cells in a T25 (25 cm^2^) flask and incubated in a 37°C incubator under a 5% CO~2~ atmosphere. The media was replaced every 3 days. At Day 14, cells were fixed with methanol and stained with Giemsa stain (Sigma-Aldrich, St Louis, MO). Colonies containing at least 30 cells were counted. The average colony numbers of three independent experiments were obtained.

Osteogenic and adipogenic differentiation of irradiated MSCs {#s2f}
------------------------------------------------------------

BMMSCs and hESMSCs were irradiated in T25 flasks and immediately plated with osteogenic or adipogenic medium to induce osteogenic and adipogenic differentiation. Specifically, osteogenesis was induced in the presence of ascorbic acid (0.1 M), dexamethasone (10^−4^ M) and β-glycerol phosphate (500 mM) \[[@RRU098C15]\]. Differentiated cells were stained on Day 21 or 28 for osteogenic mineralization using Von Kossa staining. Adipogenesis was induced in the presence of insulin (2 mg/ml), isobutyl methyl xanthine (IBMX, 100 mM), indomethacin (10 mg/ml) and dexamethasone (10^−3^ M) in MSC basal media \[[@RRU098C15]\]. Adipogenic cells were stained after Day 21 using Oil Red O (Millipore, Billerica, MA).

Statistical analysis {#s2g}
--------------------

The statistical significance of the results for different types of MSCs and different dose levels were analyzed using analysis of variance (ANOVA). Multiple comparisons between groups were made with the Tukey--Kramer adjustment for *P*-values and confidence limits. Two-tailed independent *t* tests were conducted to examine whether the responses to irradiation were significantly different between BMMSCs and hESMSCs. Statistical analyses were performed using Dr. SPSS II software (IBM, New York, NY) and a two-tailed *P*-value of \<0.05 was considered statistically significant.

RESULTS {#s3}
=======

Irradiation alters cell cycle progression {#s3a}
-----------------------------------------

After one day of radiation, the percentages of cells in S phase decreased in both types of MSCs ([Fig. 1](#RRU098F1){ref-type="fig"}). This was accompanied by a dose-dependent increase in the cell percentage in either G1 or G2/M phase. BMMSCs accumulated in the G1 phase, suggesting an inhibition of the progression of cells from G1 to S phase and a stop in the G1 to S transition. hESMSCs on the other hand accumulated in the G2/M phase, indicating a G2 arrest. The differences in cell cycle distribution between BMMSCs and hESMSCs were statistically significant, as shown in [Fig. 1](#RRU098F1){ref-type="fig"}c. Thus, irradiation differentially halted the cell cycle of BMMSCs and hESMSCs (G1 vs G2/M) 1 day after radiation. There were no differences in the cell cycle distribution in G1, S or G2/M transition phases between irradiated and non-irradiated control cells 5 days after irradiation (See [Supplementary Data](#sup1){ref-type="supplementary-material"}). Fig. 1.Cell cycle distributions in (**a**) BMMSCs (*n* = 6--7), and (**b**) hESMSCs (*n* = 4--5) 1 day after irradiation or without irradiation. (**c**) The difference in cell cycle distribution between BMMSCs and hESMSCs. The majority of BMMSCs were in G1 phase, whereas the majority of hESMSCs were in G2/M phase. Percentage of cells in those phases increased in a dose-dependent manner. Statistically significant differences were observed between BMMSCs and hESMSCs. Bars represent mean and standard error: \**P* \< 0.05; \*\**P* \< 0.01.

Effects of radiation on colony formation by MSCs {#s3b}
------------------------------------------------

There were fewer colonies formed by both types of irradiated MSCs at 14 days after radiation when compared with the non-irradiated group ([Fig. 2](#RRU098F2){ref-type="fig"}a). Non-irradiated hESMSCs showed significantly higher proliferation (i.e. number of colonies formed) compared with BMMSCs (*P* = 0.007) ([Fig. 2](#RRU098F2){ref-type="fig"}b). Colony-forming ability decreased in both types of MSCs in a dose-dependent manner. Notably, at 16 Gy, no colony containing \>30 cells was formed. Morphologically consistent with senescent MSCs \[[@RRU098C18]\], the cells were enlarged, yet fibroblastic and attached to the culture dish at 14 days after radiation with 16 Gy. Fig. 2.Colony-forming ability of MSCs after irradiation. (**a**) Microscopic pictures of cells after Giemsa staining. (**b**) Quantitative data of colony-forming ability (*n* = 4--6). Colonies formed by MSCs was counted at 14 days after radiation. An aggregate of at least 30 cells was considered a colony. The number of colonies decreased in a dose-dependent manner. hESMSCs formed significantly higher numbers of colonies compared with BMMSCs at 0 Gy. Bars represent mean and standard error: \**P* \< 0.05 vs 0 Gy; \*\**P* \< 0.01 vs 0 Gy, ^\#^*P* \< 0.01 vs hESMSCs.

Radiation effects on differentiation ability of MSCs {#s3c}
----------------------------------------------------

Von Kossa staining showed decreased staining for mineralized nodules formed by BMMSCs and hESMSCs irradiated with 4 Gy ([Fig. 3](#RRU098F3){ref-type="fig"}a). This decrease was noted in a dose-dependent manner. Irradiation of 16 Gy did not form colonies as shown in [Fig. 2](#RRU098F2){ref-type="fig"}, thus no mineralized nodules were formed. Adipogenic differentiation was detected after 21 days of differentiation. hESMSCs showed higher adipogenic differentiation at 4 Gy compared with BMMSCs ([Fig. 3](#RRU098F3){ref-type="fig"}b). Fig. 3.Effect of irradiation on osteogenic and adipogenic differentiation in MSCs. (**a**) Osteogenic differentiation in BMMSCs and hESMSCs with von Kossa staining. (**b**) Adipogenic differentiation in BMMSCs and hESMSCs with Oil Red O staining. Osteogenic differentiation was reduced by irradiation in both MSCs. Adipogenic differentiation was increased in hESMSCs, while BMMSCs showed no change.

One of the complications of radiation therapy is marrow adipogenesis, with a concomitant loss of osteogenesis. We therefore analyzed the ratio of adipogenic PPARγ to osteogenic RUNX2 expression in the irradiated and non-irradiated controls ([Fig. 4](#RRU098F4){ref-type="fig"}a). The ratio of PPARγ to RUNX2 was elevated in both types of MSCs 1 day after irradiation of 2 Gy. In the hESMSCs only, this was further increased at 4 Gy and dropped at 16 Gy. At 5 days after radiation, the ratio of PPARγ to RUNX2 had not changed in hESMSCs, whereas in BMMSCs, the ratio had increased with 2 Gy and 4 Gy doses and dropped with 16 Gy. These trends were not statistically significant. Fig. 4.Effect of irradiation on the gene expression levels of (**a**) PPARγ/RUNX2 ratio (*n* = 4--6), (**b**) SOD1 (*n* = 2--4), and (**c**) GPX1 (*n* = 3) in BMMSCs and hESMSCs 1 day or 5 days after irradiation. The ratio of PPARγ to RUNX2 expression temporarily increased in hESMSCs 1 day after irradiation. SOD1 expression was higher in the irradiated MSCs one day after radiation compared with non-irradiated MSCs. hESMSCs had higher expression of SOD1 for all doses at this time-point compared with BMMSCs. GPX1 expression did not increase much compared with 0 Gy in BMMSCs, but temporal increase was observed in hESMSCs. Each bar represents mean and standard error. No statistically significant differences were found between doses and days after irradiation.

Differential expression of oxidative stress and lineage-specific genes in irradiated cells {#s3d}
------------------------------------------------------------------------------------------

SOD1 expression increased in both types of MSCs 1 day after radiation ([Fig. 4](#RRU098F4){ref-type="fig"}b). hESMSCs demonstrated higher expression of SOD1 for all the radiation doses compared with BMMSCs. The highest increase in SOD1 expression was observed with 2 Gy irradiation, indicating initiation of a cell response even at a low dose. Expression of GPX1 was only slightly increased ([Fig. 4](#RRU098F4){ref-type="fig"}c). This pattern was less obvious at Day 5 after irradiation for both types of MSCs.

Radiation inhibits expression of Wnt ligands {#s3e}
--------------------------------------------

Activation of the Wnt pathway has been shown to suppress adipogenic PPARγ expression \[[@RRU098C19]\]. In order to understand how radiation affects the Wnt pathway, expression of Wnt ligands was studied using a human Wnt signaling array from SA Biosciences. The array includes 83 Wnt-related genes, including 16 Wnt ligands. These ligands are secreted proteins that bind to cell surface receptors to stimulate the signaling cascade. [Figures 5](#RRU098F5){ref-type="fig"}a and b show heatmaps of fold up- or downregulations of Wnt-related genes (illustrated in [Fig. 5](#RRU098F5){ref-type="fig"}c). We found expression of five Wnt ligands (Wnt3A, Wnt4, Wnt7A, Wnt10A and Wnt11) was ≥70% downregulated in BMMSCs 4 h after 2 Gy irradiation compared with non-irradiated controls ([Fig. 5](#RRU098F5){ref-type="fig"}d). Wnt6 was also downregulated by 65%. On the other hand, different set of ligands (including beta-catenin) were downregulated in the irradiated hESMSCs. The results of the PCR array analysis can be accessed in the National Center for Biotechnology Information Gene Expression Omnibus database (Reference number: GSE60310). Fig. 5.Gene expression changes in the Wnt pathway in BMMSCs and hESMSCs after irradiation of 2 Gy. (**a**) A heatmap of fold up- or downregulation in irradiated BMMSCs compared with the non-irradiated cells, (**b**) A similar heatmap for hESMSCs. (**c**) Genes in the plate. (**d**) Genes downregulated more than 70%. SOX 17 was the only gene downregulated in both BMMSCs and hESMSCs.

DISCUSSION {#s4}
==========

In the present study, we determined radiation-induced changes in the colony-forming ability, cell cycle progression, differentiation ability and gene expression patterns associated with adipogenesis, osteogenesis and oxidative stress using MSCs of two different origins (bone marrow and human embryonic stem cells). The two MSCs showed similar patterns of osteogenic differentiation and reduced colony-formation ability with increasing radiation dose. The oxidative stress response was initiated at a low dose (2 Gy) of irradiation, as indicated by the higher expression of dismutase enzyme SOD1 at an early post-irradiation period (Day 1). This response remained higher as the radiation dose was increased compared with the non-irradiated groups. We found clear differences between the two types of MSCs.

Comparison of MSCs of different origins is important in order to identify a better alternative for BMMSCs. Donor BMMSCs are routinely used for transplantation to reconstitute bone marrow after therapeutic irradiation. Failure of bone marrow transplants due to graft rejection is a serious and often fatal complication. As an alternative to this, the potential use of induced pluripotent stem cell (iPSC)-derived MSCs has generated great enthusiasm \[[@RRU098C10], [@RRU098C11]\]. iPSCs are engineered somatic cells that are pluripotent and capable of functioning as embryonically derived pluripotent cells \[[@RRU098C20]\]. As a transplant material, iPSC-derived MSCs are expected to have less immunogenic reaction. To support this, hESMSCs and iPSCs have been shown to have similar properties \[[@RRU098C11]\]. These two MSCs are developmentally more primitive cells and physiologically different from BMMSCs, which are considered adult stem cells that have lost pluripotency \[[@RRU098C21]\]. Understanding the radiation responses for hESMSCs is therefore important for exploring alternatives to the use of BMMSCs.

We found that the responses of hESMSCs to radiation differed greatly from those of BMMSCs. hESMSCs were highly proliferative and radiosensitive. We also found that most hESMSCs were in G2/M phase and less were in S phase compared with BMMSCs. Quitet *et al.* demonstrated that a radio-resistant cell line had twice the number of cells in S-phase than the more sensitive cell line \[[@RRU098C22]\]. This could be a potential reason that hESMSCs have higher radiosensitivity than BMMSCs. Apoptosis induction might be another factor that influences radiosensitivity. Although Nicolay *et al.* demonstrated that the percentage of apoptotic human bone marrow MSCs was smaller than that of other fibroblasts, as assessed by the sub G1 population \[[@RRU098C13]\], further studies will be necessary to see the radiation effects on apoptosis in hESMSCs.

From a clinical perspective, radiation injury to bone is often manifested by increased adipogenesis and reduced osteogenesis, which makes these two mechanisms appear to be closely related. There are conflicting reports about the relationship between adipogenesis and osteogenesis \[[@RRU098C19], [@RRU098C23]\]. Similar to our findings, Li and Chan demonstrated that the osteogenic differentiation ability of MSCs is gradually lost with an increase in radiation dose \[[@RRU098C24]\]. Our finding of an increase in relative PPARγ expression suggests that a switch towards adipogenesis probably happens at lower doses and in early post-radiation stage.

Although the PPRAγ/RUNX2 ratio was downregulated at Day 5 after irradiation, adipogenesis was observed at Day 21 or Day 28 in both MSCs. Differentiation of MSCs to pre-adipocyte and ultimately to mature adipocyte is a multistep process requiring the sequential activation of several groups of transcription factors, including the C/EBP gene family and peroxisome proliferator-activated receptor \[[@RRU098C25]\]. Although the events of multistep processes are clearer, the exact temporal events are less known. Because PPARγ is expressed in pre-adipocytes, it is expected that PPARγ expression will precede the development of mature adipocyte development. Nocturnin (NOC), a circadian-regulated protein, was also reported to play a unique role in the regulation of mesenchymal stem-cell lineage allocation by modulating PPARγ activity through nuclear translocation early in the adipogenic process \[[@RRU098C26]\]. Furthermore, they found NOC is induced transiently in early adipogenesis, and then is robustly upregulated during the latter phases of differentiation in 3T3-L1 cells. The early upregulation of PPARγ may, therefore, have contributed to the later adipogenic differentiation. Further studies will be required to better understand the post-radiation temporal process of adipogenic development.

We found upregulation of PPARγ and downregulation of several Wnt ligands in irradiated BMMSCs ([Fig. 5](#RRU098F5){ref-type="fig"}). Recently, Cawthorn *et al.* demonstrated that the fate of MSCs toward adipogenesis is determined by inhibition of Wnt6, Wnt10A and Wnt10B ligands and subsequent downregulation of the Wnt-β-catenin pathway \[[@RRU098C27]\]. In our Wnt pathway array, we found 65% or more downregulation of Wnt6 and Wnt10A ligands ([Fig. 5](#RRU098F5){ref-type="fig"}d). The canonical and non-canonical Wnt pathways may, therefore, be important contributors in determining the adipogenesis and osteogenesis fate of irradiated MSCs.

In conclusion, cell proliferation was faster in hESMSCs compared with BMMSCs. Consequently radiosensitivity of hESMSCs was higher than that of BMMSCs. Most hESMSCs cells stayed in G2/M phase after irradiation, but this was not found in BMMSCs. PPARγ expression was upregulated early after irradiation, along with the expression of SOD1. While downregulation of several Wnt ligands were observed in post-radiation BMMSCs cells, mostly different sets of ligands, including beta-catenin, were downregulated in post-radiation hESMSCs. However, the differentiation ability was sustained in both BMMSCs and hESMSCs after irradiation. Further studies on the Wnt-mediated fate determination of irradiated MSCs are essential for understanding of the detailed radiobiology of hESMSCs and their therapeutic utility as an alternative to BMMSCs.
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